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Abstract: Properties of the hierarchical structures of interstellar molecular clouds are discussed. Particular attention is
paid to the statistical correlations between velocity dispersion and size, and between the magnetic field strength and
gas density. We investigate the formation of some hierarchical structures with the help of numerical MHD simulations
using the ENLIL code. The simulations show that the interstellar molecular filaments with parallel magnetic field and
molecular cores can formvia the collapse and fragmentation of cylindricalmolecular clouds. The parallelmagnetic field
halts the radial collapse of the cylindrical cloud maintaining its nearly constant radius∼0.1 pc. The observed filaments
withperpendicularmagnetic field can formas a result of themagnetostatic contractionof oblatemolecular cloudsunder
the action of Alfvén andMHD turbulence. The theoretical density profiles are fitted with the Plummer-like function and
agree with observed profiles of the filaments in Gould’s Belt. The characteristics of molecular cloud cores found in our
simulations are in agreement with observations.
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1 Introduction
Observations of star-forming regions in the Galaxy re-
vealed the hierarchical structure of the interstellar
medium (ISM) (Scalo 1985). The superclouds containing
complexes of the molecular clouds (also known as Giant
Molecular Clouds, like the Gould Belt) are at the top of
the hierarchy. Recent high-resolution observations of the
Gould Belt found that the parsec-scale filamentary struc-
ture is a common feature of the Giant molecular clouds
(see review André et al. 2014). The filaments are deter-
mined as elongated structures in the maps of the interstel-
lar medium. Analysis of the observations has shown that
the filaments may have a nearly constant radius∼ 0.1 pc.
Polarimetry surveys of the Gould belt indicated that the
large-scalemagnetic field direction canbebothperpendic-
ular and parallel to the axis of a filament (Ward-Thompson
et al. 2017). These findings rise a question how the differ-
ent filaments form. Further evolution of the filaments is
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also of a great interest, as it is now considered that the
prestellar and protostellar clouds are the result of the
gravitational fragmentation of the filaments. Most of the
prestellar and protostellar clouds (the lower level of the
ISM’s hierarchy) found by Herschel are located inside the
filaments (Konyves et al. 2015).
We propose that the observed filaments can be either
cylinders or flat sheets/disks seen by an observer from the
edge. The filamentary structures with the perpendicular
magnetic field (like in the Taurus molecular cloud (Chap-
man et al. 2011)) are more likely to be a edge-on disks or
sheets, since these configurations are a natural result of
the gas contraction along the magnetic field lines. In turn,
the cylinders with parallel magnetic field can be unstable
with respect to the formation of the gravitational constric-
tions (Chandrasekhar and Fermi 1953). This process can
lead to the formation of prestellar and protostellar cores.
In order to check our hypotheses, we performed two-
dimensional numerical magnetohydrodynamical (MHD)
simulations of two simplest configurations, namely the
high-mass cylinders and flat disks.
Structure of the paper is following. In section 2 we
analyse the hierarchical structure of the interstellar mag-
netic clouds (IMC) and discuss scale correlations for IMC.
In section 3 the numerical code used for the simulations
is described. Section 4.1 present the results of the numer-
ical simulations of cylindrical molecular cloud collapse.
We considered free isothermal collapse (section 4.2) and
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Table 1. The hierarchy of the interstellar magnetic clouds
Hierarchy Supercloud Complex of molecular clouds Molecular
cloud
Filament Prestellar
core
Protostellar
cloud
Sequence
of clouds
T , K 100 15-40 15-40 10-25 10-15 30-100 Warm10 8-40 10 Cold
n, cm−3 1 100-300 10
2 − 103 104 − 105 104 − 106 10
3 − 105 Warm
102 − 103 103 − 104 104 − 106 Cold
M, M⊙ 107 − 3 × 107
8 × 104 − 2 × 106 103 − 105 200-3000 0.1-10 10-1000 Warm103 − 2 × 104 20-500 0.3-20 Cold
R, pc (0.5 − 2) × 103 30-80 3-30 0.1-10 0.007-0.1 0.5-3 Warm3-20 0.2-4 0.05-0.5 Cold
σv , km/s 10-20 6-15 4-12 0.2-5 < 0.6 1.5-3
the collapse of magnetic cylinder (section 4.3). The evolu-
tion of the cylindrical cloud with initially perturbed sur-
face is studied in section 4.4. The collapse of the massive
disk with initially perpendicular magnetic field is investi-
gated in section 5. We summarize our results in section 6.
2 Hierarchical structure of
interstellar magnetic clouds
One of the main properties of the ISM is its hierarchi-
cal structure (Scalo 1985). Dudorov (Dudorov 1991) com-
piled and analysed the observational data on hierarchi-
cal structure in the ISM. In the present work, we supple-
mented the original table of Dudorov (see Table 1 in (Du-
dorov 1991)) with the characteristics of the filaments and
prestellar cores collected from (Yamaguchi et al. 1999; An-
dré 2006; Roccatagliata et al. 2015; Konyves et al. 2015; An-
dré et al. 2016; Cox et al. 2016; Kainulainen et al. 2016). In
Table 1, the first row contains the names of the hierarchy
levels (in the descending order with respect to the size of
the corresponding structure). The temperatures, densities,
masses, sizes and velocity dispersions for each level are
listed in rows 2-6, respectively. Rows labelledwith “Warm”
and “Cold” (the last column) correspond to warm and cold
ISM components, respectively. Warm and cold sequences
of clouds correspond to the regions of massive star forma-
tion (like Orion) and low-mass star formation (like ρ Oph),
respectively.
Superclouds are the limiting structure of the hierar-
chy. The superclouds are two-dimensional flat structures
with diameters ∼ 1 kpc and heights < 100 pc formed
as a result of the gravitational instability in the magnetic
galaxy discs with spiral arms (Elmegreen 1989). The fa-
mous example of a supercloud is the Gould Belt. The flat-
ter mode of the superclouds leads to the formations of the
cylindrical complexes of the molecular clouds (Dudorov
1991). The complexes fragment into the three-dimensional
molecular clouds. The densest regions of the MC can col-
lapse into the protostellar clouds.
Recent high-resolution studies of the nearest star-
forming clouds of the Galaxy at submillimetre wave-
lengths with the Herschel Space Observatory have demon-
strated that the filamentary structure is the common fea-
ture of the GMCs in our Galaxy (see review (André et al.
2014)). Table 1 shows that the filaments can be identified
as the densest molecular clouds in the complexes. The fil-
aments can possibly form similarly to the the cylindrical
complexes of the molecular clouds.
The prestellar cores can be described as themolecular
cloud cores, that are stationary and not massive enough to
undergo the gravitational collapse.
Scale correlations are important for the interpretation
the formation of the hierarchy. The correlation between
size R and velocity dispersion σv is the most reliable one.
It can be defined as (Scalo 1987)
σv = Rqσ , (1)
where qσ = 0.3 − 0.7. The σv(R) correlation is used to
assess the properties of the turbulence in the interstellar
clouds (Larson 1981). Kolmogorov’s turbulence is charac-
terized by qσ = 1/3, qσ = 0.25 characterizes the MHD
wave (Kreichnan’s) turbulence, qσ = 1 corresponds to
the two-dimensional turbulence, 0.7 – intermittent turbu-
lence.
Dudorov (Dudorov 1991) has shown that the variations
of the qσ through the hierarchy can be explained by the
change in the magnetic field role along the hierarchy. The
dependence of the magnetic field strength on density can
be written as
B
B0
=
(︂
n
n0
)︂kB
, (2)
where B0 and n0 characterize the initial conditions of the
cloud formation. Parameter kB depends on the symmetry
of the flow and lies in range [0, 1]. Contraction along the
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Table 2. The parameters of scale correlations of the interstellar magnetic clouds
Hierarchy Supercloud Complex of molecular
clouds
Molecular cloud Protostellar cloud Sequence of clouds
qσ 1 0.7-1 0.4-0.6 0.2-0.4 Warm0.6-0.7 0.3-0.4 0.2-0.3 Cold
kB 0 1/3-2/3 1/2-2/3 2/5-2/3
magnetic field lines is characterized by kB = 0. Themotion
perpendicular to the magnetic field lines corresponds to
kB = 1. Spherically symmetric flow has kB = 2/3. Averag-
ing over all angles between themagnetic field and velocity
gives kB = 1/3.
Dudorov (Dudorov 1990) collected observational data
on the magnetic field in the interstellar clouds and re-
vealed three main sequences
(B0, n0, kB) = (3 − 5 µG, −, 0), (3)
(B0, n0, kB) = (3 − 5 µG, 10 − 20 cm−3, 1/2), (4)
(B0, n0, kB) = (3 − 5 µG, 10 − 20 cm−3, 2/3). (5)
The first sequence explains the formation of the flat lay-
ers due to one-dimensional flows along the magnetic field
lines. The clouds with kB = 1/2 can form as a result of
the quasi-static contraction under the control of the mag-
netic field. In the dense clouds, magnetic ambipolar diffu-
sion slows down the growth of the magnetic field strength
(kB = 2/5). Then the role of the magnetic field weakens,
plasma beta becomes β > 1, and the evolution of the cloud
takes place along the third sequence with kB = 2/3. Thus,
the magnetic field strength changes along the hierarchy.
Values of the correlation parameters qσ and kB for dif-
ferent levels of the hierarchy are listed in Table 2. All kinds
of turbulence exist in the ISM, according to this table. Not
only the burst processes, jets, outflows, but also the MHD
instabilities andwaves canbe the source of the turbulence.
The correlation parameter qσ changes along the hier-
archy in accordancewith the changing role of themagnetic
field. The superclouds and some complexes of the molec-
ular clouds are characterized by β ≪ 1 and kB ≃ 0. The
induced turbulence in this case is more likely to be two-
dimensional (σv = 1). Kolmogorov’s turbulence (σv = 1/3)
is found on the scales of molecular clouds and their cores.
The turbulence in the magnetostatic molecular clouds is
characterized by σv = 0.5. The increase of σv at large
scales of the hierarchy can be explained by the effects of
compressibility and intermittency of the turbulence.
3 Numerical model
In this section, we present the numerical model used to in-
vestigate the evolution of themolecular clouds in the form
of a cylinders and flat disks.We investigate the effect of the
magnetic field on the cloud collapse and study the growth
of small perturbations during the collapse.
3.1 Governing equations
We investigate the evolution of themolecular clouds using
the system of ideal MHD equations
∂ρ
∂t + div (ρv) = 0, (6)
ρ ∂v∂t + (ρv∇)v = −∇P − ρ∇Φ (7)
+ 14pi [rotB, B] ,
ρ
[︂
∂ε
∂t + (v ·∇) ε
]︂
+ P∇ · v = 0, (8)
∂B
∂t = rot [v, B] , (9)
∇2Φ = 4piGρ, (10)
P = (γ − 1)ερ, (11)
where Φ is the gravitational potential, ε the gas internal
energy, γ the adiabatic index. All the remaining quantities
are used in their usual notation.
3.2 Numerical code
The numerical solution of the model equations is real-
ized in the code ENLIL. This is a two-dimensional code
formodelling the axysymmetricMHDflows (Dudorov et al.
1999; Zhilkin et al. 2009). The code is based on the explicit
quasi-monotonic TVD-scheme of high order of accuracy.
The HLLD-solver is used for solving the hyperbolic subsys-
tem of the equations. Divergence cleaning is performed via
the method of generalized Lagrangian multipliers. Pois-
son’s equation is solved using the alternating directions
method.
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4 Collapse of a cylinder
4.1 Parameters
We consider the collapse of non-rotating cylinder with ini-
tial length H0 = 5 pc, cross-section radius R0 = 0.2 pc,
density n0 = 105 cm−3, temperature T0 = 10 K. The mass
of the cloud is 7.7 × 103M⊙. The corresponding relation
of the thermal energy to the modulus of the gravitational
energy is εth = 3 × 10−3.
Cylindrical coordinates {r, φ, z} are used. We con-
sider axisymmetric motions in r − z plane. The axis of the
cylinder is directed along the z-axis. The simulation box
is a square with size 5.2 pc. The resolution (Nr , Nz) =
(400, 100) was used in all calculations of the cylindrical
cloud collapse, where Nr and Nz are the cells number in r-
direction and z-direction. We adopted a Courant number
of 0.1.
4.2 Free isothermal collapse
First, let us consider the collapse of the isothermal cylin-
der without the magnetic field. In equation 11, adiabatic
index is adopted to be equal to 1.001 which corresponds
to nearly isothermal gas. In Figure 1, we plot the evolution
of the radial profiles of the gas concentration in the z = 0
plane. The initial profile is black.
Figure 1 shows that the cylinder’s radius decreases
and density grows during the collapse. By the end of the
simulation, t = 9.9 × 104 yrs (orange line in figure 1), the
Figure 1. The n(r, z = 0) dependences for the isothermal cylinder
without magnetic field at t = 0 (black), t = 8.64 × 104 yrs (magenta)
and t = 9.89 × 104 yrs (orange) after the beginning of the collapse.
density grows by five orders of magnitude at the cloud’s
axis.
In the collapsing cylinder, the ratio of pressure gradi-
ent force, FP = ∇P/ρ, to gravitational force, Fg = ∇Φ,
changes with the cloud’s radius R as
FP
Fg
∝ R2−2γ . (12)
Therefore, the gravitational collapse of a cylinder will be
stopped for any γ > 1.
4.3 Magnetic cylinder
Consider the evolution of the cylindrical molecular cloud
with the magnetic field directed along the cloud’s axis,
B0 = (0, 0, B0). The initial magnetic field is 1.9 × 10−4 G,
such that the ratio of magnetic energy to the modulus of
gravitational energy εm = 0.03. The adiabatic index is5/3.
In Figure 2, we plot two-dimensional distributions of
cloud’s gas number density andmagnetic field at t = 0 yrs,
t = 1.21 × 105 yrs and 3.72 × 105 yrs. The left panel rep-
resents the initial state of the cloud. At the initial stages,
t < 105 yrs, the cloud radially collapses and its density in-
creases everywhere. The magnetic pressure in the radially
collapsing cylinder grows approximately as
Pm ∝ ρ2, (13)
so the effective adiabatic index of the cylinder with mag-
netic field is nearly 2. According to (12), themagnetic pres-
sure gradient halts the gravitational collapse even in the
isothermal case around t ≃ 105 yrs. After that, the cloud
begins to pulsate, so that its radius and density periodi-
cally change. Slow contraction of the cloudproceeds along
the z-axis, as the electromagnetic force does not influence
the gas motion in this direction. At the end of the simula-
tion, t = 3.7×105 yrs, the height of the cylinder decreased
by∼20%.
Figure 3 depicts the radial density profiles in the z = 0
plane. Figure 3 shows that density grows 10 times com-
pared to the initial value by t = 1.2 × 105 yrs. After that,
the cloud expands and its density decreases.
The radial profiles of the filaments are usually fitted
by a Plummer-like function of the form (see (André et al.
2014))
n(r) = nc
(︃
1 +
(︂
r
r0
)︂2)︃−p/2
. (14)
where nc is the central density of the filament, r0 the ra-
dius of the flat inner region, p the power-law exponent at
r ≫ r0. Profiles depicted in figure 3 can be fit with p = 2
and r0 = 0.1 pc, in the agreement with the typical values
obtained from the observations (André et al. 2014).
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Figure 2. Two-dimensional concentration (color filling) and magnetic field (white isolines) distributions for the adiabatic cylinder with mag-
netic field at t = 0 yrs (initial state, left), t = 1.21 × 105 yrs (center), 3.72 × 105 yrs (right) after the beginning of the collapse.
Figure 3. The n(r, z = 0) dependences for the adiabatic cylinder
with magnetic field at t = 0 (black), t = 1.21 × 105 yrs (magenta)
and t = 7.72 × 105 yrs (orange) after the beginning of the collapse.
Blanck squares depict a Plummer-like function (14) with p = 2,
r0 = 0.1 pc.
4.4 Role of perturbations
In this section, we study the formation of the gravitational
“sausages” of Chandrasekhar and Fermi (Chandrasekhar
and Fermi 1953) and subsequent fragmentation of the
cylindrical clouds and formation of the molecular cloud
cores.
We introduce the perturbation of the initial cylinder’s
boundary, following Chandrasekhar and Fermi (Chan-
drasekhar and Fermi 1953). The radius of the perturbed
cylinder R is determined from the relations
r = R + a cos(kz), (15)
R20 = R2 + a2/2, (16)
where a is the perturbation amplitude, k the wave num-
ber. The initial magnetic field has the components B =
(br , 0, B0 + bz) in this case, where the small fluctuating
components are
br = aA1I1(kr) sin(kz) + a2A2I1(2kr) sin(2kz), (17)
bz = aA1I0(kr) cos(kz) + a2A2I0(2kr) cos(2kz), (18)
with
A1 = −
B
R
kR
I1(kR)
, (19)
A2 =
B
R2
kR
I1(2kR)
(︂
kRI0(kR)
I1(kR)
− 12
)︂
, (20)
B = B0
(︂
1 + a
2
R2
kRI0(kR)
I1(kR)
)︂
, (21)
and I0, I1 are the Bessel functions of the first kind.
For the simulation, we have chosen the same cloud’s
parameters, as in section 4.3. The initial amplitude of the
perturbations is set to a = 0.1R0. The wavelength of the
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Figure 4. Two-dimensional density (color filling) and magnetic field (white isolines) distributions for the initially perturbed adiabatic cylin-
der with magnetic field at t = 0 yrs (initial state, left), t = 1.17 × 105 yrs (center), 1.77 × 105 yrs (right) after the beginning of the collapse.
perturbation is adopted to be k = 0.47/R, which corre-
sponds to the fastest growing mode at B0 = 1.9 × 10−4 G.
In figure 4, we plot two-dimensional distributions of
cloud’s density and magnetic field at t = 0 yrs, t = 1.17 ×
105 yrs and1.77×105 yrs. The initial evolutionof the cloud
is similar to the evolution of the unperturbed cylinder (sec-
tion 4.3). The cloud collapses and the magnetic pressure
gradient stops the collapse after t ≃ 105 yrs.
Growth of the initial perturbations leads to the forma-
tion of the gravitational “sausages” and subsequent grav-
itational fragmentation of the cloud, which is clearly seen
in the right panel of figure 4 (t = 1.77 × 105 yrs). The
characteristics of the fragments are listed in table 3. Ta-
ble shows that temperatures, densities, masses and radii
of the fragments are in agreement with the corresponding
characteristics of the protostellar clouds.
5 Collapse of disk
In this section, we consider the evolution of a disk with
a perpendicular magnetic field. The disk equatorial plane
coincides with z = 0 plane. The disk has radius R0 = 5 pc
and height H0 = 0.2 pc. The mass of the disk with initial
T0 = 10 K and n0 = 105 cm−3 is 1.9 × 105M⊙. The initial
ratio of thermal energy to the modulus of the gravitational
Table 3. Characteristics of the fragments found in simulations (col-
umn 3) in comparison with the protostellar clouds’ properties (col-
umn 2)
Protostellar cloud Clumps
T , K 30-100 20-50010
n, cm−3 10
3 − 105 5 × 107 − 5 × 108104 − 106
M, M⊙
10-1000 ∼ 100 − 10000.3-20
R, pc 0.5-3 0.05 − 0.1
0.05-0.5
energy is εth = 2.7 ×10−4, and initial ratio of the magnetic
energy to themodulus of the gravitational energy εm = 0.1
(B0 = 1.1 × 10−3 G). The adiabatic index is γ = 5/3. The
computational domains has size 5.1 pc and the resolution
(Nr , Nz) = (100, 400).
In figure 5, we plot two-dimensional distributions of
cloud’s density and magnetic field at t = 0 yrs, t = 9.61 ×
104 yrs and 1.48×105 yrs. At the initial stages of the evolu-
tion, t < 105 yrs, the disk contracts along the z-axis. After
that, the adiabatic pressure gradient halts the contraction
and the collapse turns to expansion and subsequent pul-
sations.
Figure 5 shows that the initial vertical magnetic field
acquires the quasi-radial geometry near the disk bound-
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Figure 5. Two-dimensional concentration (color filling) and magnetic
field (white isolines) distributions for the adiabatic disk with ini-
tially perpendicular magnetic field at t = 0 yrs (initial state, top),
t = 9.61 × 104 yrs (middle), 1.48 × 105 yrs (bottom) after the begin-
ning of the collapse.
ary with time due to a slow radial contraction. The density
achieves amaximum at r ≃ 3−3.5 pc, as this regions con-
tracts in both radial and vertical directions.
In Figure 6 we depict the vertical profiles of the gas
concentration in the r = 0 plane at the times as in Figure 5.
The figure shows that the disk’s central density grows by
approximately one order of magnitude during the initial
stage of collapse. After that, the collapse stops and thedisk
relaxes to a Plummer-like density distribution (14) with
p = 2 and r/r0 replaced by z/z0, z0 = 0.1.
6 Conclusions and discussion
We analyse the properties of the interstellar molecular
clouds and the hierarchical structure of the ISM. Du-
dorov (Dudorov 1991) has shown that the magnetic field
strength varies through the hierarchy and it plays deter-
mining role in the formation of the hierarchical structures.
Turbulence properties are also determined by the action of
the magnetic field at the different levels of the hierarchy.
We perform numerical simulations of the collapse of
cylinders with parallel magnetic field and adiabatic disks
with perpendicular magnetic fields. Optically thick parts
of the cylindrical cloud represents the filament. The grav-
Figure 6. The n(r = 0, z) dependences for the adiabatic disk with
initially perpendicular magnetic field at t = 0 (black), t = 9.61 × 105
yrs (magenta) and t = 1.48 × 105 yrs (orange) after the beginning
of the collpase. Blanck squares depict a Plummer-like function with
power-law exponent p = 2 and height scale 0.1 pc.
itational fragmentation of the filaments and formation of
the cores of molecular clouds are investigated.
The magnetic field hinders the radial collapse of the
cylindrical cloud and allows the filament to maintain the
constant radius∼ 0.05−0.1pc found in observations (An-
dré et al. 2014). Magnetic pressure grows faster than the
gravity in the radially collapsing cylinder, so the magnetic
field determines the radius of the filament.
Flat or oblate clouds with perpendicular magnetic
fields contract along the magnetic field lines mainly and
relaxes to the quasi-stationary disk with nearly constant
height ∼ 0.1 pc. Observed filaments with perpendicular
magnetic field (like in Taurus (Palmeirim et al. 2013)) can
be considered as the edge-on disks. The constant height of
the filament can be also determined by the generation of
non-linear MHD waves and turbulence (Vainshtein 1983).
Our calculated density profiles of filaments are fitted
by Plummer-like functions with parameters p = 2 and
r0 = 0.1 pc that are in agreement with observations. How-
ever, it should be noted that distribution of mean fila-
ments width may be broader than determined in observa-
tions (Panopoulou et al. 2017).
We studied the formation of gravitational “sausages”
in the cylindrical clouds with initially perturbed surfaces
that are in the process of their gravitational collapse. Our
simulations show that the gravitational fragmentation of
the filaments with parallel magnetic field leads to the for-
mation of molecular clouds cores (as was predicted by Du-
dorov (Dudorov 1991)). The sizes, masses, temperatures
and densities of the cores are in agreement with observa-
tions.
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In future, we plan to perform more accurate simula-
tions of the cylindrical and disk-like molecular clouds tak-
ing into account the diffusion of the magnetic field and ra-
diation transfer.
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